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Abstract 

We consider transitions between neutrinos and anti-neutrinos in laboratory 
experiments in five scenarios. These include the case in which the helicity flips, 
producing an anti-neutrino with normal weak interactions, and helicity preserv- 
ing oscillations into an SU (2) singlet state which only interacts by mixing or new 
interactions. The ratio of fi'^ and fi~ events for a high energy beam from pion 
decay rescattered from a nucleon target, and the ratio between e"*" and e~ events 
for a rescattered low energy z/g beam are calculated in each case. The upper limit 
on the ratio is about 10^^ ~ 10"^^ for a high energy z/^ beam and 10~^ ~ 10~^^ 
for a low energy beam, too small to observe in present experiments. 



I. INTRODUCTION 



Neutrino anti-neutrino transitions have been predicted by various non-standard models 



|T^. Such transitions for real neutrinos are complementary to the lepton- number- 
violating transitions of virtual neutrinos that are searched for in neutrinoless double beta 
decays [|1^ . The latter are extremely sensitive to effects, but blind to other lepton flavors. 
Recently, interest in real transitions revived due to the discussion of possible astrophysical 



applications of spin precession in a transverse B field for Majorana neutrinos [0]. In this 
work, we study possible scenarios of neutrino anti-neutrino transitions in the context of the 
standard model and its allowed extensions and consider the possibility of observations in 
laboratory experiments. 

We consider mechanisms for lepton number violation that involve a spontaneously gener- 
ated Majorana neutrino mass. Several processes can lead to helicity flip, in which left-handed 
neutrinos, i^l, are converted into right-handed anti-neutrinos, i/^. Neutrinos with Majorana 
masses can be produced/annihilated in the wrong helicity states by the ordinary left-handed 
charged weak currents because vj^ and z/^ are connected by the Majorana mass in the La- 
grangian. However, the amplitude is proportional to {m^/Ei), and is therefore small. The 
transition magnetic moments of a Majorana neutrino can connect and v'^^ from different 
families. Hence, a transverse B field can rotate into i/^^ |]T^, However, the transi- 



tion probability is proportional to , which is small. Models in which lepton number is 

spontaneously broken by the vacuum expectation value of an additional Higgs field predict 
helicity flip neutrino decays: ~^ ^ir + X? where x is the Goldstone boson (Majoron) 
associated with lepton number violation However, the decay rate, depending on the 



Yukawa coupling constant of the extra Higgs field and the mixing angle, is restricted to be 
small. 

Other possibilities are helicity non-flip transitions. They can occur when Dirac and 
Majorana masses are both present. The mass eigenstates become combinations of weak 
eigenstates (z/^,, z/£, pr, z/^), where vl and z/^ are respectively the left and right chiral compo- 
nents of an ordinary SU{2) doublet (active) neutrino. Similarly, z/£ and are the left and 
right chiral components of an SU{2) singlet (sterile) neutrino. For comparable Dirac and 
Majorana masses, the mismatch between weak and mass eigenstates results in (2"'^ class) 
oscillations 0]- ^ between neutrinos and anti-neutrinos: the probability that an initial ul 
oscillates into z/£ at time t is Q 

Pii^L - 1^1) = MlMm' = sin2 20sin2 A/2; (1) 

where A = 2.54 ^™"^ i^fMei/)^^™^ ' ^ distance traveled, and 6 is the mixing angle. The 

transition rate can be large for 2"'^ class oscillations. However, oscillations don't change the 
helicity, and second class oscillations result in a z/£ which is sterile with respect to standard 
model interactions. 



*Pure Dirac or pure Majorana masses lead only to first class oscillations, in which the lepton 
family is changed (e.g., VeL ^fiL), but neutrinos are not changed into anti- neutrinos. 
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Since disappearance experiments have relatively low sensitivity and don't distinguish first 
and second class oscillations, we consider some non-standard models in which i/£ can have 
(suppressed) interactions. In the SU{2)fiX SU{2)l x U{1) model |T^, i/£ and are grouped 
into an SU (2)/^ doublet. Hence, z/£ can be scattered into through the right-handed charged 
current. However, the effect is suppressed by for the right-handed interactions or the 
small mixing between Wl and Wr. In SU{2)l x f/(l) models with heavy exotic fermions 
| |T7| , the light ordinary neutrinos are mixed with heavy exotic ones. Consequently, the state 

associated with /£ in weak decays at low energy is not a complete state and thus not 
orthogonal to N^, which belongs to an exotic doublet [TB|. 2"'^ class oscillations can also 



occur. Both mechanisms lead to lepton number violating processes. However, the effects 
are strongly suppressed by small mixing between light and heavy fermions. 

Our conclusion is fairly negative: the upper limit on the transition probability is proba- 
bly impossible to observe in present laboratory neutrino experiments, because of the small 
transition rate for helicity flip cases or the small rescattering rate for helicity non-flip cases. 

The paper is arranged in four sections. In section II, we consider helicity flip transitions; 
section III discusses non-flip transitions; in section IV, we discuss the results. 

We consider two types of experiments. In the first, a high energy z/^ beam from pion 
decay in flight is deep inelastically rescattered from an isoscalar nucleon target. We calculate 
the ratio between and n~ events after rescattering as a measurement of the transition.[| 
The cross section for deep inelastic neutrino scattering is calculated in the simple parton 
model. In the second case, we consider a low energy electron neutrino beam rescattered 
from a nucleon target, and calculate the ratio between e"*" and e~ events after rescattering. 
For low energy neutrino nucleon scattering, we do not specify the specific nuclear transition, 
but assume that r = a^"^ /a^^'^ is of order 1, where a^^^ ja^^^ is the cross section of anti- 
neutrino/neutrino scattering through normal weak interactions. 



II. HELICITY FLIP TRANSITIONS 

1. Pure massive Majorana neutrino. For massive neutrinos, the helicity states and 
chiral states are mismatched. The states of "wrong" helicity are produced/annihilated by 
the left-handed weak interactions with amplitudes proportional to {myjEv) (see Appendix 
A). Neutrinos with pure Majorana masses have two chiral components, vi^ and z/£., and the 
"wrong" helicity states are the ordinary right-handed anti-neutrinos.[] Therefore, from vr^ 
decay, z/^^ is produced with a fraction 



[m. 



2 — "l^ 



+ 



— 



5 X 10 



-10 



1 KeV 



(2) 



^It is straightforward to generalize to transitions which also change lepton famiUes. 



■I-For Dirac neutrinos, the "wrong" heUcity states are the sterile {SU{2) singlet) "right handed 
neutrinos" vr. 
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The numerical value is calculated assuming that i/^ in the forward direction has an energy of 
1 GeV. When the neutrinos are rescattered by nucleons, two reactions produce events: 

..N^^^X: ^'''^''"'' = ^^J^iU' + Dn (3) 
is the "wrong" helicity interaction, and 

P,N^^^^X■. ^^'^^'''^ = §^(^^4^ + 20^) (4) 
is the right helicity interaction, where s = 2ME,y, and 

UP = / xuP{x)dx; DP = / xdP{x)dx; = = / xqP{x)dx (5) 

Jo Jo 2 Jo 

are the fractions of momentum carried by u, d and anti-quarks in the proton, respectively. 
(The cross sections are per nucleon for an isoscalar target.) Therefore, the total cross section 
for events is 

a''^ = /.a'"'^^^''^^ + . (6) 

Similarly, the cross section for /i" events is 

- r*^ 2 - 

uN X : a" = ^s{UP + + -Qp) (7) 

ATI 3 

Using e = jjl^jjp ~ 0.125 from other experiments, for a typical value ~ 1 GeV the 
ratio of /x"*" events and ii~ events is approximately 

i?^^^2xl0-^°f-^y (8) 
cr/^ VI KeV) ^ ' 

For low energy i/g (~ 5 MeV), we don't assume a particular source, because the low 
energy neutrinos could come from various reactions, e.g., muon decay from a stopped pion 
or reactor anti-neutrinos, with the obvious interchange of z/g — > z/g, — in the latter 
case. One can produce the "wrong" helicity neutrinos from the original decays. To a good 
approximation, the rate is times the rate to produce the "right" helicity neutrinos. 
Similarly, when i/^ is rescattered from a nucleon target, the "wrong" helicity reaction can 

2 

again take place, producing e+ events, with the same factor Hence, the ratio between 
and e~ events after rescattering is 

2^2 a-^^ ' ^ ' 

assuming that ~ 1 eV, E^^ ~ 5 MeV and c7''"<=^/(7^<=^ ~ 1. 

2. Spin precession in a transverse B field in matter. In a transverse magnetic field, 
the nonzero transition moments of a Majorana neutrino can induce i/j^ — > transitions 
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between families. Assuming v^. and z/^ as the two families, the evolution equations for the 
four fields are ill 
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(10) 



where 9 is the vacuum mixing angle, Amgi is the mass square difference between the two 
neutrino mass eigenstates, and Ey is the neutrino energy. The equation can be solved exactly. 
The transition probability from u^l to i/^^ is: 



/ 
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(11) 



where. 
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(12) 



4H2E2+ (11^)^1 



< 1, 



We have neglected second order effects which can lead to the transition v^l z/^^. 

Suppose that is at its experimental limit and that in an experiment there is a 
lOT transverse B field {\^vB\ ~ 4.4 x 10~^^ eV) between the neutrino source and the 

target. If 5, Am^ and L are sufficiently small so that 

the transition probability is simply \^yBL\^, independent of Am^ and E^. For example, 
if we assume Am^ ~ 10^^ eV'^ from the solar neutrino solution |19[, and E^ ^ 1 GeV, 
the probability of u^l converting into u^j^ at L ~ 1 km is ~ |/i^-BLp ~ 5 x 10^^. If 

4|/i^|252 + (^^ykj _ 1^ is of order 1 when Am^/2Ey < 2|/i^|5; otherwise , Pq 

is suppressed. Hence, in most of the neutrino experiments a broad spectrum of Ei, can 
contribute to the conversion rate with fixed Am^. 

After the neutrinos are rescattered by the nuclear target, the ratio between the and 
/i~ events is: 



e^events 



a 



yp+pp 



+ 2Qf 



fiL 



UP + DP + iQp 



0.44P 



(13) 



For Am^ 



li~ events 

10"^, the ratio is about 2 x 10"^. 

~ 1 and I\vp? j2Ey > 2\fiy\B, the transition probability 



When (JMn.?B^ + {^y 



can be strongly suppressed by the non-degenerate masses. There are two possible solutions 
to this. One is to use a neutrino beam with higher energy to test larger Am^. Another lies 
in the fact that t'e/^'e and I'^/i'^ have different interactions with matter [^], which might 
be able to compensate for the mass difference at a specific resonance matter density. The 
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transition probability to u^^^ at time t in matter is (for simplicity, we assume zero mixing 
angle between neutrino families.), 



^('^A^L^^^e'ij) = ^osin' 



V 



/ Am^ \^ t 



^4|/x.|252+ (^__ + a,^+a,,J - I, (14) 



where the different matter potentials are given (for a neutral unpolarized medium) by 

a., = ^(2iV, - iV„), a,^ = ^(-Nn), (15) 
in which and are respectively the electron and neutron number densities, and 

P' = (16) 



4 


Ail. 


2^2 


4 




252 + ( 


+ )2 



A cancellation will occur when 

Am2 ^ iVe ^ 



a,^-a,, =2(l--^)^iV„, (17) 



and the suppressed transition rate will be increased. For example, ^Fe at room temperature 
has Nn = 2.54 x lO'^'^/cm^, and 2(1 - ^) ~ 0.3, yielding -a^^ - a^^ ~ 6 x 10^^^ eV. 

For low energy Ue neutrinos^, the probability of u^l — >■ i'^r is the same as Piy^L ^sr) 
in transverse B field in vacuum. Here we consider an intermediate neutrino energyrj ~ 
150 MeV so that the z/^^ produced from oscillations can be rescattered into fi~^. Therefore, 
if Am2 ~ 10~^ eV'^, the probability of having a z/^^ at distance 1 km is about 5 x 10~^. 

After rescattering, the ratio between the /i+ events and e~ events is: 

e-events ^ i^R^ ^u,n v j 

For Am2 ~ 10"^ and a^'^'^ / a"'^^ ~ 1, the ratio is about 5 x 10"^ 

3. Neutrino decay. In the model proposed by Chikashige, Mohapatra and Peccei 
T5| , an additional higgs singlet field is introduced to couple the SU{2) singlet to its 
conjugate vr with a Yukawa coupling constant /i2- The nonzero vacuum expectation value 
of spontaneously breaks the global lepton number and generates a Majorana mass term: 





m \ 




\ m 


M j 





Lmass = -{^L 1^1) [ I Z Z \ ' h.C. , (19) 



^The fgjij — > v^L transition probability is the same as that for v^i — > v'^^. 

** Or, i/eL can oscillate into v'^^ through second order effects, with probability oc \^yB\'^ siv? 29f.. 
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where m is the Dirac mass and M = /i2(0) is the Majorana mass. It also results in a massless 
Goldstone boson, the Majoron x, and interactions between the Majoron and neutrinos. 
We assume that m and M are comparable (the usual seasaw model makes the opposite 
assumption, M ^ m [0). The two mass eigenstates ui and 1^2 are 



uiL \ _ ( cos 9 — sinO \ I ul)^ ( u^^ \ _ ( cos 6 — sin^ 
^2L j I sin 6* cos j j ' \ ^2R j I sin 6^ cos 9 




(20) 



where tan^ = . The masses of the two eigenstates are comparable. The rate for 

the decay of the heavier neutrino into the lighter one and the Majoron is ^ , 



Z,2 ™2 

r(^^2L ^ ^mX) = — sin' 9 cos' 9-^ (21) 

where E^^ is the neutrino energy. 

At time zero, a left-handed neutrino t'^L is produced from a weak decay, i^^l is the 
superposition of two mass eigenstates: 

z/^L = COS 9^,vxL + sin 9^,V2l^. (22) 

While propagating, the v^i^ component can decay into z/J^^ and a Majoron with rate F^. 
When the decay product is measured through some weak process, only the weak eigenstate 
component z/^^ of v'lj^ is relevant since z/^/j is sterile. This has probability cos^ 6'^, so that at 
time t the probability of detecting a z/^^ is 

P{^i.L ^ v^b) = sin' 9^ cos' 9^T^t , (23) 

assuming T^t is small. 

To constrain the Yukawa coupling constant /12, we consider the effect of neutrino decay 
on the MSW resonance condition for the analogous UeL ^eL case. For definiteness, we 
assume that an MSW resonance occurs for Uei —>■ ^II sun with Am^ ~ 10~^ eV"^ and 

sin' 2^e ~ 0.01 [|l9l. With matter, the evolution equation is 




(w-^^)sm2^e 
;^-z^)sin2^e (t|^-z^)cos2^. 




(24) 



(Of course, Am^, 6*6, Fg and /i2e need not be the same as for the u^l case.) At resonance, 
— ^"^ cos 26*6 > 0, and significant transitions can occur provided 



I— cos2^e|' < |2(^^ - i— ) sin2^e|'- (25) 



2 ' ' 4 



Therefore 



^ Am^ ^ , , 

Fe<^sin2^e. (26) 
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For tSxr? ~ 10~^ eV"^ and sin^ 2^e ~ 0.01 from the MSW solar neutrino solution, and typical 
Eyj^ ~ 1 MeV ^ rriy^ ~ 1 eV^, the constraint on Fg gives /ige ^ 0.1. Of course, rriy^ ~ 1 eV is 
a very optimistic assumption - the bound on /i2e will be looser for smaller rriy^. 

The limit on the mixing angle for given by disappearance experiments is sin^ < 0.02 
for Am^ = 100 eV'^. We assume that the limit h^^ <^ 0.1 for electron neutrinos applies also 
to muon neutrinos, i.e., that the higgs singlet field couples to neutrinos from different families 
with similar strength, and take the typical distance between the neutrino source and the 
target in the laboratory environment to be 1 km. After the neutrinos are rescattered from 
nucleons, the ratio between /x"*" and /x~ events, 

R = P{u,L^ul^)-^^QAAP, (27) 

is less than 4 x 10~^ for the assumed parameter values. 
For low energy Vf,, the transition probability at time t is 

P{^eL ^ I^efi) = sin' 9, cos' OeVet (28) 

where Fg = sin' 9^ cos^ 9^^^, analogous to the case with the mixing angle 9^ for u^. If 

sin' 29e ~ 0.01 for Am' ~ 10~^eV', ~ 1 eV^ and E^^ ~ 5 MeV, the UeL to u^j^ transition 
probability after the neutrino travels 1 km is less than 10"'*. Therefore, the ratio between 
e"*" events and e~ events after rescattering is less than Pr ~ 10~*. 



III. HELICITY NON-FLIP MODELS 

1. SU{2)ii X SU (2)l X f/(l) model. As discussed in the Introduction, for neutrinos with 
comparable Dirac and Majorana masses, 2"'^ class oscillations can occur. They can be quite 
efficient for converting neutrinos into anti-neutrinos. However, they create SU{2) singlet 
states which interact only via mixing or new interactions. In the SU{2)ff x SU{2)l x t/(l) 
model, pI and are grouped into an SU {2)ji doublet, and the right-handed interactions are 
carried by gauge bosons [0 . It is also possible that Wl and Wr and their mass eigen- 
states are mismatched, which causes a mixture of right-handed and left-handed interactions. 
The complete 4- Fermi interaction for the charged weak current of the SU{2)lxSU {2)pixU{l) 
model is: 



AC 

H = -^i^JlA + bJlJ'n + cJIJ'l + dJlJ'n) (29) 



where. 



Gf ^ gl cos'^ _ 
V2 8Mf ' 

a = 1 + P tan' ^ ; 
6* = c = e*-(W^?L)tane(l-/?); 
c^=(4/5i)(tan'e + /3); 
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with /3 = Mf/M2, where Mi and M2 are W boson masses. is the CKM matrix for 
quarks, and is its analog for J/j. We ignore neutrino mass effects in the rescattering, so 
the lepton mixing matrix can be taken to be the identity. 

Therefore, i/^^ can be scattered into fi~^ through right-handed interactions. There are 
two reactions to produce /x"*". i^'^^N ^i^X through right-handed currents, 

^^-^^^^^ = ^\d?\Ul\'s{^^^^±^ + 2Qn, (30) 
and through the mixing of right-handed and left-handed currents: 

Ztt 6 
For \d\ <ti a, fi^ production u^N — > fi^X proceeds through ordinary left-handed currents: 

^u,,NiLL) ^ 9l\a\^\ui\^s{UP + DP + Iq^). (32) 

ZTT 3 

Therefore the ratio between fi~^ events and fi~ events is: 

We work in the manifest (or pseudo-manifest) left-right symmetric model, in which gi = gn 
and |[/^| = \U^^\, and use the limits for the model parameters, |^| < 0.003, /? < 0.004. 
Assuming sin^26'^ < 0.02 for Am^ = 100 eV"^ from disappearance experiments, one finds 

3 X 10-^sin2(A/2), (34) 

which is less than 3 x 10^'' for L ~ 1 km and 1 GeV. 

In the low energy z/g case, when i/^^ is rescattered from nucleons following 2"'^ class 
oscillations, there are again two reactions to produce e^. i^^l-^ ~^ e~^N through right- 
handed currents and the mixing between right-handed and left-handed currents, with cross 
sections a'^eL^i^^') and a'^eL^i^^) respectively. Full estimates require detailed study of the 
nuclear transitions and are beyond the scope of this paper. However, to obtain rough 
estimates, it is useful to define reduced cross sections with the suppression factors |cp and 
removed: 

Analogously, 

For e~ events, u^N — > e~X occurs through left-handed currents: 
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Therefore, the ratio between e"*" and e events after rescattering is 





c 









(38) 



Putting in hmits on the SU{2)l x SU{2)fi x f/(l) parameters, sin^ 26^ ~ 0.01 and assuming 

10-^sin2(A/2) (39) 
For Am^ ~ 10~^ eV^, E^^ ~ 5 MeV, and L ~ 1 km, R is around lO'^^ 



2. Models with mixing between ordinary and exotic fermions. Many models 
predict the existence of new fermions with exotic SU{2) x U{1) assignments. The mass 
eigenstates associates with them are usually heavy, and the mixings between the ordinary 
light states and the heavy exotic states are small Jl^. In a particular model, the Lagrangian 
mass term is: 



M 



R 



Nr 
V l^R J 



+ h.c. 



(40) 



where (z/^^, v'f^ is an ordinary doublet neutrino. 



Li 



ur) is a singlet, and {N^, N^) and 



(A'"£, A^^) are new states which may be SU{2) singlets or doublets; M is a 4 x 4 complex 
symmetric mass matrix. Diagonalizing M, we can find the mass eigenstates and eigenvalues. 
We assume that at most two of the four eigenstates z/i and z/2 are light. The weak states are 
superpositions of mass eigenstates: 



and the light mass eigenstates are combinations of the four weak eigenstates: 



ViL = Ul211^l + Ul22Nl + f/L23^^L + Ul2AVI] 



(41) 



(42) 



where Ul = U' ^ is a unitary matrix. From pion decay, only the light components of z/^z, 
can be produced, resulting an incomplete state z/^^. If there are two light states. 



(43) 



which is in general not orthogonal to A''^,, Nl, or z/£ [|^. The decay rate is ro(|t/{iP + |t/i2p)) 
where Fq is the decay rate without mixing. The state evolves to I'^iit) when it reaches the 
target: 



2 2 
ra-. TTir, 



(44) 
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When it is rescattered from a nucleon target, three weak transitions may occur, due to the 
nonorthogonahty of the state, oscillations (for ml ^ ttlD, or both: 



E 



(45) 



The second and third can occur only if (A''^,, Ej^) and/or (iV£, Ej^) belong to SU{2) doublets, 
respectively. Assume that the mixing angle between Ej^ and is 6^l] and that between 
E^ and /x^ is O^r. The probability of producing a /i~ from rescattering is: 



P(^- 



2p 



-t\2 



cos^ e^L 



2p 



-^Psin^^ 



a 



uN 



and the probability of producing a /i+ is: 



(46) 



P(/i- 



2p 



-t\2 



Sin' e.Ra"'', 



(47) 



with Am^ = m\ —m\. -P(/i^) can be non-zero even if Am? = due to the nonorthogonahty 
of and 

In a mirror model, one right-handed doublet and two left-handed singlets are introduced 
(plus their CP conjugates). 



N 
E~ 



(48) 



The mass matrix is: 



^ di si 

di S3 c/3 S2 

Si c/3 d^ 

V d2 S2 d^ S4 J 



(49) 



where Si and (ij can be generated by Higgs singlets and doublets, respectively. In particular, 
S4 is a Majorana mass term for ur and ^2 is its Dirac mass term. For definiteness, we assume 
the seesaw model so that d2, Si,di -C S4 are small mixing terms. We also assume that N 
has a large Dirac mass, (is 3> S3. Finally, we assume that the mixing terms S2, (^4 are small. 
Thus, S4, ds are large and all others are perturbations. In this case, there are 3 heavy states 
and 1 light state with, mi ~ {2diSi/d3) + {d"^/ S4),m2 ~ m^ ~ d^.m^ ~ S4. The light mass 
eigenstate, to first order in the perturbations, is: 



[si/ds)NL - {di/ds)Nl - {d2/s^)vl 



(50) 



Therefore, Un ~ 1; 6^12 ~ —si/d^ and U13 ~ —di/d^. Since there is only one light state, 
there are no oscillations, but fi~^ can still be produced due to the non-orthogonality of 



and Nf. The ratio of events and u events is l^r^^L ^^^i^J"^ , for Nr is sterile in the mirror 
model. The limit p) is |f/i3p < 0.027. 

For charged leptons, the Lagrangian mass term is: 
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+ h.c. 



(51) 



where Me 



(Iq, the Dirac mass term for E , could be much larger than the 



/ 4 Si 

Dirac mass for fi~ . If we assume that the mixing terms si and S5 are of the same 
order as d^, there are two mass eigenstates ml ~ d\,m\ ~ rfg, the mixing angle between 
^1 and Ej^ is ~ Si/de, and the mixing angle between and E]^ is 6^^/^ ~ s^/d^. 
Using the experimental limits on heavy fermions |]T7| |TS], a loose estimate of the two angles 
is 6fj_R, O^L < m^/(90 GeV) ~ 0.0014. Hence the ratio between /i"*" and /i~ events is 
i? < 4 X 10"*^. 

Similarly, for low energy i/g, the ratio between e"*" and e~ events is then 



R 



|f/llPcOs2 6'eL O-'""^ 



(52) 



for the mirror model, where the parameters are defined for the electron family, and the 
cross sections are for light leptons (with the mixing angle removed). The limit |[T^ [jl8[ is 
|f/i3p < 0.047 for z/e, and OeR, ^eL < 6 x 10^^. Therefore, the ratio is R < 2 x lO^^^^ 

We have done a similar study of the vector doublet model, i.e., (A^, E~)l and (A^, E~)ii 
are both SU{2) doublets, but no second order effects (in amplitude) were found. 



IV. DISCUSSION 

Models beyond the SM predict lepton number violating transitions vi —>■ z/^ or i/£ 
through different mechanisms. We have considered five scenarios in which neutrino-anti- 
neutrino transitions in the laboratory are possible, and two kinds of experiments. One is 
that high energy muon neutrinos from pion decay are deep-inelastically rescattered from 
an isoscalar target; the lepton number violation transition manifests itself by producing /x"*" 
events from the rescattering. (One could easily generalize the models to consider changing 
lepton families as well, yielding e"*" or r"*".) The results from different scenarios are collected 
in Table 3. The first three scenarios involve helicity flip into an active anti- neutrino, but 
the helicity flip rate is small. The last two involve larger transition rates (via second class 
oscillations) without helicity flip, but the resulting singlet neutrinos can only interact by 
(small) mixings or new interactions. 

In the second case, we have considered a low energy electron neutrino beam and showed 
the magnitude of the effective i> ^ 1? transition with the ratio between e"*" and e~ events 
after rescattering, which is listed in Table 4. 

From the table, there can be a non-zero probability for transitions between neutrinos and 
anti-neutrinos. The upper limit of the transition is 10~^ ~ 10^^'^ for high energy neutrinos 
(~ 1 GeV) for the various models, depending on model parameters, whose limits are set 
by other experiments and analysis. The present statistics on high energy u^^N scattering 
CC events is ~ 1.7 x 10^ for CDHS/CHARM, and ~ 1.1 x 10^ for CCFR Even 
statistically, these experiments are not sensitive to the upper limit 10~^ for the n'^ / fJ^~ event 
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model 


parameters 


/i+ events 
H~ events 


Pure Major ana 




< 10-10 


Spin precession 
in S_L 


|/x,J < 7.4 X lO-^Vs 
Am^ ~ 10-5 


< 2 X 10-6 
(L ~ 1 km) 


Neutrino Decay 


hi < 0.1, m,y^ ~ 10 eV, sin^ 29^ < 0.02 


< 4 X 10"^ 


SU{2)l X SU{2)r X U{1) 


iCgl < 0.003, /3g < 0.004 
sin^ 29^ < 0.02 for Am^ = 100 eF^ 


< 3 X 10"^ 
{L ^ \ km) 


Exotic fermions 


iC/fgl < 0.027, 9^R, 0.0014 


< 4 X 10-^ 



TABLE I. fi^, n events ratio of high energy (~ 1 GeV) N scattering for five neu- 
trino-antineutrino oscillation scenarios, (e"^, ^~ events ratio for the spin precession scenario.) 



model 


parameters 


events 


Pure Major ana 




< 10-14 


Spin precession 


|/i,.J < 7.4 X lO-iO/iB 


< 5 X 10-6 


ill 


Am- - 10-'' 


{L ~ 1 A7») 


Neutrino Decay 


hi < 0.1, m^^ ~ 1 eV, sin^ 29^ < 0.01 


< 10-'^ 


SU{2)l X SU{2)r X U{1) 


ICgl < 0.003, < 0.004 


< 10-11 




sin^ 26'e < 0.01 for Am^ = 10"^ eF^ 


(L ~ 1 fcm) 


Exotic fermions 


\Uf.J < 0.047, ^?ei?, ^?eL~6x 10-6 


< 2 X 10-12 



TABLE II. e"*", e events ratio for low energy (~ 1 MeV) N scattering for five scenarios. 
(In spin precession, the result is calculated with Ei, ~ 150 MeV.) 
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ratio. Furthermore, in these experiments, in which vr"*" are produced from proton scattering, 
7r~ are also produced, with a cross section about one eighth of that of vr"*" production. 
Those 7r~, which can decay into /i~ and t'^, give a significant background for the i'^ 
transition effect. Even if tagging or other techniques are used to distinguish from tt", 
there are decays hke /i^ e^z/gZ/^ in the tt^ beam, which is also significant compared to 
the transition effects. Considering the flux and the background in the present high energy 
i/^ experiments, it is unlikely that the effects could be observed. 

The upper limit of the transition for the low energy v^. (~ 5 MeV) is about 10~^ ~ 10~^^. 
We note that the analysis and results are also true for reactor v^. to Vf. transitions. Nuclear 
power reactors are the most intense sources of v available on earth. The event rates in 
such experiments are restricted by the small cross sections for low energy neutrinos and the 
decrease of the neutrino flux when the detector is away from the source. For example, 
BUGEY H with thermal power 2.8 GW has event rates 62.62 h'^ at L ~ 15 m, 15.39 h'^ 
at L ~ 40 m and 1.38 h-^ at L ~ 90 m; CHOOZ El with 8.5 GW has event rate 25 d'^ at 



L = 1 km, etc. Hence, the event rates of present reactor experiments are too low to observe 
any z/ — > z/ transition effect. Neutrinos from vr and /i decay at rest from LAMPF can be 
used to study Ve oi z/g (in a magnetic field). A loose estimation from present 

data of LSND shows that the event rate is again too low, besides the severe problem 
of background signals. Very intense neutrino sources from vr and /i decay might become 
available from a possible future muon collider or dedicated storage ring ||2^ . Even if enough 
events were available to produce a significant number of neutrino-antineutrino transitions, 
it would be extremely difficult to separate them from standard model backgrounds or from 
likely first class oscillations; e.g., for /i"*" e"'"z/eZ/^, a Ue from z/g v^. would be hard to 
distinguish from one due to z/^ — z/g- 

Thus, while v ^ v transitions are possible in principle, it is unlikely that they can be 
observed in foreseeable laboratory experiments. 
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VI. APPENDIX A 

The Dirac equation for massive fermions is: 

In the Weyl representation, 

in which a'^ = (1, a*), = (1, — o"*), and a* are Pauli matrices. The positive and negative 
frequency solutions are, respectively. 



(53) 





(54) 
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where ^ and rj are 2-component spinors, from which the hehcities of the particles are deter- 
mined. 

The weak current of an e~ — > transition is 

J' = u{p.h'^-^u{pe). (56) 

If the initial electron is polarized along the —z direction = (0, 1)^, the current for pro- 
ducing a final state neutrino with negative hehcity = (0, 1)^ is 

j/i ^ I ±2\/^7E^; /X = 0, 3 ^^^^ 
1^ 0; n = 1,2 

and for a positive ("wrong") hehcity neutrino = (1, 0)^ , is 

-\±2Ve:e:^; A^ = 1,2 ^^^^ 

Therefore, the probability for producing the "wrong" helicity neutrino from the left-handed 
weak current is proportional to {-^Y- 

For a Majorana neutrino, the mass term in the Lagrangian is: —Lmass — \'>^M'4'L'4'R+h.c. 
in terms of chiral fermion fields. ■0^, and can be combined to form a two component 
Majorana neutrino: ^ = ■^l -|- ■^fj so that —Lmass — |?7t.m^^, and ^ satisfies the Dirac 
equation with mass ruM'- 

{i-f^d^ - mM)*(2:) = 0, (59) 

Therefore, the probability for producing the "wrong" helicity state from the left-handed 
weak current for massive Majorana neutrinos is also proportional to (|^)^, as shown in the 
example, except that the "wrong" helicity state produced in the Majorana neutrino case 
is approximately a right-handed anti- neutrino ■0^, while in the Dirac neutrino case it is a 
right-handed neutrino ipR. 
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